Abstract. A dual stream asymmetrically clipped optical (DSACO)-orthogonal frequency division multiplexing (OFDM) with intensity modulation/direct detection receiver is proposed that combines the ACO-OFDM, which is generated from individual streams of odd and even frequencies in a single frame without loss of information. The clipping noise, which is its absolute value, is subtracted from even subcarriers of DSACO-OFDM signal and further delayed in time domain to recover the ACO-OFDM data of the odd stream. The proposed DSACO has the same spectral efficiency of DC-biased optical OFDM (DCO-OFDM). It performs better in terms of optical signal-to-noise ratio (OSNR) and peak-to-average power ratio (PAPR) when compared to ASCO-OFDM and Lowery's layered/enhanced ACO-OFDM (L/E ACO-OFDM). For a bit error rate of 10 −3 , DSACO shows around 1.9, 3.4, and 7.6 dB improvements of OSNR over two-layered L/E ACO-OFDM, three-layered L/E ACO-OFDM, and ASCO-OFDM for 1024-quadrature amplitude modulation constellations, respectively. The complimentary cumulative distributive function of PAPR for DSACO achieves 0.27 dB lower PAPR than three-layered L/E ACO-OFDM system and 1.17 dB lower PAPR than two-layered L/E ACO-OFDM and ASCO-OFDM.
Introduction
Several clipping techniques for optical orthogonal frequency division multiplexing (O-OFDM) systems have been used to convert the complex OFDM signals into real and positive signals that are essential for transmission over optical mediums. The commonly used clipping techniques are asymmetrically clipped optical OFDM (ACO-OFDM) 1, 2 and flip/ U-OFDM 3 [also known as unipolar OFDM (U-OFDM) 4 ]. ACO-OFDM reduces the effect of clipping by transmitting the data only on its odd subcarriers. In flip/U-OFDM, the positive and the negative parts are transmitted as two consecutive positive value blocks. At the transmitter, multiple frequencies are demapped into each optical subcarrier, which makes the channels equalization in frequency-domain difficult at the receiver. Both ACO-OFDM and flip/U-OFDM techniques have the same spectral efficiency and error performance.
To further enhance the spectral efficiency of ACO-OFDM, several hybrid schemes were developed. Asymmetrically clipped DC-biased optical OFDM (ADO-OFDM) 2 combines ACO-OFDM on odd subcarriers and DC biased (DCO) OFDM on the even subcarriers. Another hybrid technique known as hybrid ACO-OFDM (HACO-OFDM) 5 combined ACO-OFDM on odd subcarriers and pulse amplitude modulation-discrete modulation tone (PAM-DMT) on the imaginary parts of the even ones. Since, the real parts of even subcarriers remain unused, this scheme is still spectrally inefficient. Enhanced hybrid asymmetrically clipped optical OFDM (EHACO-OFDM) 6 scheme adds a third path of DC-biased optical OFDM (DCO-OFDM) on the unused real parts of even subcarriers of HACO-OFDM. Although EHACO-OFDM achieved higher power efficiency than ADO-OFDM and DCO-OFDM, utilization of DCO-OFDM makes it inefficient for optical applications. A similar combinational technique called asymmetrically and symmetrically clipped optical OFDM (ASCO-OFDM) combines ACO-OFDM on the odd subcarriers, and symmetrically clipped optical OFDM (SCO-OFDM) that uses flip/ U-OFDM technique, on the even subcarriers. 7 In contrast to the previously discussed systems, this system requires two frames for transmission, which results in large bandwidth. In addition, it also has high complexity. In terms of performance, its symbol error rate is better than ADO-OFDM, 2 and compared to ACO-OFDM, it has better spectral efficiency. The data on the even subcarriers of the ASCO-OFDM are usually distorted by the clipping noise of ACO-OFDM and SCO-OFDM. Since the clipping noise of ACO-OFDM can be accurately estimated, it can be easily canceled from the even subcarriers. However, it requires the complex technique of flip/U-OFDM to cancel the clipping noise of SCO-OFDM. This complexity is reduced by symmetric clipping recovery and correction block, which was introduced in the spectrally efficient ASCO-OFDM (SEASCO-OFDM) system. 8 It enables the SEASCO-OFDM system to effectively combine ACO-OFDM and SCO-OFDM signals on a single frame for transmission.
The concept of superposition modulation was applied to ACO-OFDM that allows multiple streams of ACO-OFDM to be superimposed. 9 A similar concept was proposed in spectrally and energy efficient OFDM (SEE-OFDM) 10,11 that combines one stream of ACO-OFDM (odd subcarriers) and flip/U-OFDM (even subcarriers). This technique has the advantage of using only one FFT at the receiver. However, clipping noise was carried over from one stream of subcarriers to another stream during the cancellation process. In addition, signal-to-noise ratio (SNR) penalty is introduced as a result of clipping noise elimination.
Another similar concept was recently proposed by Lowery in layered/enhanced ACO-OFDM (L/E ACO-OFDM). 12 However, this system uses additional layers of ACO-OFDM on the subsequent paths to fill the even subcarriers instead of the flip-OFDM processing. The superposition is done in the frequency domain, which reduces the receiver complexity in comparison to the SEE-OFDM. In addition, the clipping noise was canceled using slicing technique, which can accommodate higher quadrature amplitude modulation (QAM) symbols at higher SNR.
In all the above techniques, there has been no consideration for noise rejection in the clipped signal system, especially on the even subcarriers. 12 When the signals are clipped, all the clipping noise falls on even subcarriers, which cause difficulty to process, especially when the even subcarriers have information bearing data. Lowery in Ref. 12 suggested to have strategies that involve multiple iterations of cancellation. However, this will increase the system complexity and introduce delay.
In this paper, a model is proposed that uses a single combiner to merge two ACO-OFDM signals generated from even and odd streams. The clipping noise of ACO-OFDM signal is the absolute value of the transmitted ACO-OFDM signal, and hence can be reconstructed. 13, 14 As a result, the issues related to clipping noise can be solved with acceptable system architecture complexity, which is a significant achievement. At the same time, the overload of multiple iterations of cancellations can also be avoided. These are expected to solve all the highlighted issues so that a better optical OFDM system can be realized.
System Modeling
The block diagram of the enhanced dual stream asymmetrically clipped optical (DSACO)-OFDM system is shown in Fig. 1 . The first stage converts the data from serial to parallel (S/P). Then the data are mapped using QAM modulation onto Hermitian constrained data signal X. This data signal X is split into several streams of odd and even signals.
The odd stream X odd of length N∕2, which is an input to N-inverse frequency fourier transform (N-IFFT), is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 6 5 0 X odd ¼ ½ 0;X 1; 0;X 3; 0;:::::;XN 2 −1 ;0;XN 2 −1 Ã :::::; X 3 Ã ; 0;X 1 Ã :
(1)
The x odd is zero clipped to yield x o ACO given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 5 9 3
The data 0.5ðx odd Þ are on the odd subcarriers whereas the clipping noise 0.5ðjX odd jÞ of x o ACO falls on the even subcarrier. The clipping noise is eliminated to yield x o ACO−data . The data on the odd subcarriers are logically shifted on to even subcarriers by advancing a data sample in time to obtain x oa ACO−data given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 4 9 6
The even stream X even of length N∕2 subcarriers, which is an input to N-IFFT, consists of the data only on the even subcarriers, which is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 4 3 1 X even ¼½ 0;0;X 2; 0;X 4; :::::;XN 2 −2 ;0;0;0;XN 2 −2 Ã ;:::::X 4 Ã ;0;X 2 Ã ;0 :
The data on the even subcarrier signal x even are logically shifted to odd subcarriers by delaying a data sample in time to yield x d even and then zero clipped x de ACO given as 
Therefore, after clipping, the data 0.5ðx d even Þ that were shifted to the odd subcarrier remain undistorted whereas the clipping noise 0.5ðx d even Þ falls on the even subcarrier. A real nonnegative signal x DSACO is generated by combining x oa ACO−data and x de ACO in Eqs. (3) and (5) as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 6 7 4
A cyclic prefix (CP) is appended to the transmitted signal x 0 DSACO , and converted from parallel to serial (P/S) before being sent across for the optical modulation process across a flat channel as in Refs. 2 and 7. The shot noise and thermal noise are modeled as additive white Gaussian noise (AWGN) as in Refs. 2, 7, 12, and 15.
At the receiver, the received signal is first converted form an optical to electrical signal using a photodiode and then converted from analog-to-digital (A/D). The resulting received signal after removing the CP and parallel-to-serial conversion (P/S) is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 5 0 3 y DSACO ðnÞ ¼ x DSACO ðnÞ Ã hðnÞ þ wðnÞ; (7) where hðnÞ is modeled as the impulse response of the optical channel, and wðnÞ is modeled as AWGN. For demodulation, this signal is then transformed into frequency-domain and then equalized. The odd subcarriers signal Y DSACO_odd is extracted and shifted right by advancing a data sample to obtain y even signal. This signal contains the data only on the even subcarriers and is free from any clipping noise.
The extracted Y DSACO_odd signal is transformed into timedomain and then zero clipped to obtain y o ACO , which contains the data on the odd subcarrier and the clipping noise on even subcarrier. This signal is removed by subtracting from the transformed time domain signal y DSACO to yield y oa ACO−data
given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 3 1 7
The data on this signal are on the even subcarriers, which are retrieved to yield Y odd by delaying a data sample.
Signal Analysis

Probability Density Function
The conventional ACO-OFDM signal follows a clipped Gaussian distribution 2,7,16 as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 6 3 ; 1 6 2 f x ACO ðwÞ ¼
where σ A ¼ Efx 2 ACO g is the root mean square (RMS) of the unclipped ACO-OFDM signal. uðwÞ is the unit step function and δðwÞ is the unit impulse function.
Similarly, the SCO-OFDM signal f x SCO is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 3 2 6 ; 7 4 1
where σ S ¼ Efx 2 SCO g is the RMS of the unclipped SCO-OFDM signal.
The PDF of one block of ASCO-OFDM is obtained by the convolution of approximated statistically independent f x ACO and f x SCO for a large value of N given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 3 2 6 ; 6 4 0
The PDF of l'th layer L/E ACO-OFDM is obtained by recursively convolving the PDFs of the corresponding statistically independent ACO-OFDM signals at l-layers, respectively, mathematically represented as 16 E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 3 . 1 ; 3 2 6 ; 3 2 8
The RMS of the unclipped signal at each l'th layer is denoted as σ 
The statistically independent clipped signals in DSACO x oa ACO−data and x de ACO as seen in Eq. (6) follow a clipped Gaussian's distribution given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 3 . 1 ; 3 2 6 ; 1 6 6 
Transmitted Optical Power
The total transmitted optical power is evaluated by summing all the values in the transmitted optical signal without the CP.
The transmitted optical power/bit for ASCO-OFDM is given as in Ref. 7 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 6 3 ; 4 4 5
The transmitted optical power/bit for three-layered L/E ACO-OFDM can be deduced as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 6 3 ; 3 5 5
where q ¼ 0, 1, 2, for 3 layers. The transmitted optical power/bit for DSACO is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 6 ; 6 3 ; 2 6 3 P o_DSACO ¼ Efx DSACO g;
Peak-to-Average Power Ratio
Peak-to-average power ratio (PAPR) is a major setback in the implementation of O-OFDM system. It introduces nonlinear distortion in the transmitted signal due to presence of the nonlinear transfer characteristics of the optical devices, such as LEDs, analog-to-digital converters, digital-to-analog converters (DAC), and Mach-Zehnder modulator. 5 Hence, PAPR is one of the important issues that attracts the attentions of researchers who were dealing with the OFDM system. Various techniques to reduce PAPR in the conventional radio frequency-based OFDM systems were implemented such as clipping 17 and filtering, 18 peak windowing 19 and companding, 20 selective mapping, 21, 22 partial transmit sequence, 23 encoding, 24 and the discrete Fourier transform (DFT)-spread OFDM technique. 25 However, application of these techniques to reduce the PAPR in optical intensity modulation/direct detection (IM/DD) systems has received much less attention. 26, 27 Some precoding-based PAPR reduction techniques such as DFT, discrete cosine transform, and Zadoff-Chu sequences have shown reduced PAPR by 3 dB at the cost of additional computational complexity for IM/DD-based ACO-OFDM and PAM-DMT systems. 26 Additional clipping can further reduce PAPR. 26 Although, the effect of the above-mentioned techniques on the bit error rate (BER) performance is yet to be studied for IM/DD optical systems. 26 The PAPR of an O-OFDM system depends largely on the nonlinear transfer characteristics of the optical devices. 28 The PAPR of DSACO is analyzed and is given as 29 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 7 ; 3 2 6 ; 5 4 3
The performance of PAPR reduction techniques is commonly evaluated by complimentary cumulative distribution function (CCDF), which is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 8 ; 3 2 6 ; 4 6 9
which denotes the probability that the PAPR of an OFDM symbols exceeds a threshold PAPR o .
Spectral Efficiency
For the DCO-OFDM system, it modulates all available subcarriers and achieves the maximum spectral efficiency for an IM/DD OFDM system. 11 Thus, considering DCO-OFDM as the baseline model, the spectral efficiencies of other models are evaluated and compared.
ASCO-OFDM requires two frames with length N and a separate CP for each frame to transmit. It requires two IFFT's for the ACO-OFDM signals and one IFFT for SCO-OFDM signals. The total transmitted bits required for ASCO-OFDM are given as in Ref. 5 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 9 ; 3 2 6 ; 2 8 2
where C ACO and C SCO represent the constellation sizes of ACO-OFDM and SCO-OFDM, respectively. Considering the same constellation sizes and normalized bandwidth, the overall bit rate for the two transmitted block signals x i ASCO and x j ASCO can be deduced as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 0 ; 3 2 6 ; 1 5 3
where B is the bandwidth, N is the length of the IFFT, and N cp is the number of samples used for the CP.
The ASCO-OFDM is compared to the spectral efficiency of DCO-OFDM. The ASCO-OFDM achieves a spectral efficiency of 75% as compared to the DCO-OFDM.
The total transmitted bits considering three-layered L/E ACO-OFDM is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 1 ; 6 3 ; 6 9 7 T b;LACO−OFDM ¼
where "C" represents the same constellation size for the three different layers. The overall bit rate for three-layer L/E ACO-OFDM is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 2 ; 6 3 ; 6 0 2 R b;LACO−OFDM ¼
The spectral efficiency for a three-layered L/E ACO-OFDM is about 87.5% of DCO-OFDM. L/E ACO-OFDM can achieve the same spectral efficiency of DCO-OFDM using six layers but will increase the overall complexity of the system. For the proposed model of DSACO, 
where C odd and C even are the constellation sizes on the odd and even streams, respectively. For the same constellation sizes and normalized bandwidth, the overall bit rate is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 4 ; 6 3 ; 3 4 5
where C represents the same constellation size for the odd and even streams. The proposed DSACO achieves the same spectral efficiency of DCO-OFDM.
Computational Complexity
ASCO-OFDM transmits two frames of OFDM symbol with length N, with separate CP for each frame. It requires two IFFTs for the stream of odd subcarrier, and one IFFT for even subcarriers. The computational complexity of ASCO-OFDM transmitter is 3OðN log 2 NÞ. The receiver requires two FFT's for each frame and two IFFTs for each frame to recover the estimated ACO-OFDM signals. The computational complexity of ASCO-OFDM receiver is 4OðN log 2 NÞ. Two-layered L/E ACO-OFDM superimposes two separately clipped ACO-OFDM layers and each layer requires N-point IFFT at the transmitter. The computational complexity for the two-layered L/E ACO-OFDM transmitter is 2OðN log 2 NÞ. Each layer at the receiver requires an N-point FFT and an N-point IFFT for demodulation. The computational complexity at the receiver is 4OðN log 2 NÞ. Similarly, a three-layered L/E ACO-OFDM superimposes three clipped ACO-OFDM layers. Hence, the computational complexity for the three-layered L/E ACO-OFDM transmitter is 3OðN log 2 NÞ and receiver is 6OðN log 2 NÞ.
The proposed model DSACO requires two N-point IFFTs at the transmitter. The computational complexity at the DSACO transmitter is 2OðN log 2 NÞ. The receiver requires three N-point FFTs and two N-point IFFTs for demodulation. The computational complexity at the receiver for the proposed model is 5OðN log 2 NÞ.
The computational complexity of DSACO is compared with 2-and 3-L/E-ACO-OFDM and ASCO-OFDM as summarized in Table 1 .
As seen from Table 1 , DSACO achieves the least computational complexity for the transmitter in comparison to ASCO-OFDM and three-layered L/E-ACO-OFDM.
Results and Discussion
The PDFs of the O-OFDM signal depends on the RMSs of the unclipped time-domain signal. 16 The PDFs is an important tool in determining the optical and electrical powers that evaluate the performance of an O-OFDM signal. The simulated and theoretical PDF of DSACO is compared and analyzed with the ACO-OFDM, ACO-OFDM data (without clipping noise), ASCO-OFDM, and 2-and 3-L/E ACO-OFDM as shown in Fig. 2 . The optimal power allocation is set to unity. The number of subcarriers, N, used for the simulations are 1024, i.e., N ¼ 1024 and 256 symbols. As shown in Fig. 2 , the values of DSACO theoretical and simulation curves closely match. The DSACO has a slightly lower RMS value than 2-L/E ACO-OFDM and ASCO-OFDM, due to the ACO-OFDM data (without clipping noise) signal present in the DSACO signal having a lower RMS value than ACO-OFDM. This shows that the DSACO has a lower optical power than 2-L/E ACO-OFDM and ASCO-OFDM signal. The RMS value of the L/E-ACO-OFDM is the average RMS of the three layers that contribute to the average optical power of three layers. Figure 3 shows the CCDF versus PAPR curves for DSACO, three-layer L/E ACO-OFDM, and ASCO-OFDM, where N ¼ 1024. The average total optical power is normalized to unity for all O-OFDM models. All OFDM systems are modulated using 64-QAM. As the CCDF approaches 10 −3 , the PAPR of DSACO is about 11.15 dB and has 0.27 dB lower PAPR than three-layered L/E ACO-OFDM and about 1.17 dB lower PAPR than two-layered L/E ACO-OFDM and ASCO-OFDM. The four-and five-layered L/E ACO-OFDM have shown lower PAPR than threelayered L/E ACO-OFDM in Refs. 16 and 30, but at the expense of additional complexity of the overall system. ADO-OFDM is shown to achieve better PAPR than fourand five-layered L/E ACO-OFDM in Ref. 16 , but the use of DC-bias in ADO-OFDM makes it power inefficient for optical IM/DD systems. Therefore, DSACO-OFDM is a more attractive scheme for optical IM/DD systems when compared to the above-mentioned schemes. The precoded schemes mentioned in Sec. 3.3 can be applied to further reduce the PAPR in the future work, and its effect on the BER performance needs to be analyzed.
The spectral efficiencies are evaluated for ASCO-OFDM, L/E ACO-OFDM, and DSACO and compared against different QAM constellations as shown in Fig. 4 . It can be noticed that DSACO achieves the best spectral efficiency. The DSACO achieves a spectral efficiency of about 12.5% higher than the 3-L/E ACO-OFDM and 25% higher than 2-L/E ACO-OFDM and ASCO-OFDM. DSACO utilizes all the available subcarriers of its available spectrum and hence achieves the maximum spectral efficiency.
The BER performance of DSACO-OFDM is evaluated by simulations against E bðelecÞ ∕N o (electrical SNR) are evaluated based on BER. Since Monte-Carlo simulations have been proven to be a good benchmark for evaluating communication systems, 31 our simulation results were verified with Monte-Carlo simulations for different QAM constellations (C ∈ 16; 64; 1024) on both even and odd streams as shown in Fig. 5 . As shown in Fig. 5 , both analytical and Monte-Carlo simulation curves are closely matched. The IFFT size "N" used for all simulations is 1024 (N ¼ 1024) with 256 symbols. The OFDM symbol rate is 10 Gsamples∕s. An oversampling of 4 is used to get sufficiently accurate results.
The BER performance of DSACO-OFDM against E bðoptÞ ∕N o [optical signal-to-noise ratio (OSNR)] is compared with the 3-L/E ACO-OFDM, 2-L/E ACO-OFDM, and ASCO-OFDM (considering same constellation combination for odd and even subcarriers) for different QAM constellations (C ∈ 16;1024) as shown in Fig. 6 . The average optical power is normalized to unity for all the models as in Ref. 32 . The 2-L/E ACO-OFDM and 3-L/E ACO-OFDM are simulated as in Ref. 16 . It is clearly evident that DSACO has better OSNR than 3-L/E ACO-OFDM, 2-L/E ACO-OFDM, and ASCO-OFDM. For 16-QAM and BER of 10 −3 , DSACO 
Conclusion
A spectrally efficient O-OFDM architecture called DSACO-OFDM is presented. This model successfully combines two individual streams of ACO-OFDM signals in a single frame without loss of any information. The DSACO was evaluated in terms of OSNR and PAPR. In comparison to L/E ACO-OFDM and ASCO-OFDM, the presented model achieved better results. Better performance of DSACO-OFDM at higher OSNR is obtained, which will allow for the accommodation of higher data rates. Therefore, this model can be a good reference for future investigation in pushing the potential of the O-OFDM system to its limit.
